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Mammalian sperm-borne oocyte activating factor (SOAF) induces oocyte activation from a compartment that engages the oocyte
cytoplasm, but it is not known how. A SOAF-containing extract (SE) was solubilized from the submembrane perinuclear matrix, a domain
that enters the egg. SE initiated activation sufficient for full development. Microinjection coupled to tandem mass spectrometry enabled
functional correlation profiling of fractionated SE without a priori assumptions about its chemical nature. Phospholipase C-zeta (PLC~)
correlated absolutely with activating ability. Immunoblotting confirmed this and showed that the perinuclear matrix is the major site of 72-
kDa PLC~ . Oocyte activation was efficiently induced by 1.25 fg of sperm PLC~ , corresponding to a fraction of one sperm equivalent (~0.03).
Immunofluorescence microscopy localized sperm head PLC~ to a post-acrosomal region that becomes rapidly exposed to the ooplasm
following gamete fusion. This multifaceted approach suggests a mechanism by which PLC~ originates from an oocyte-penetrating
assembly—the sperm perinuclear matrix—to induce mammalian oocyte activation at fertilization.
D 2004 Published by Elsevier Inc.
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Mammalian oocytes are released from metaphase II (mII)
arrest by one or more signals from a fertilizing spermato-
zoon. This results in asymmetric cytokinesis and the
exudation of a second polar body to restore diploidy as a
prelude to embryogenesis. Collectively, early events during
and downstream of sperm-mediated signaling at fertilization
are termed oocyte activation.
Entry of a spermatozoon into an oocyte rapidly (within
1–3 min in the mouse; Lawrence et al., 1997) induces a
series of oscillations in the concentration of intracellular0012-1606/$ - see front matter D 2004 Published by Elsevier Inc.
doi:10.1016/j.ydbio.2004.07.025
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E-mail address: tony@cdb.riken.jp (A.C.F. Perry).available calcium ([Ca2+]i) (Whittingham and Siracusa,
1978) and presumably modulates the oscillatory activity
of the calmodulin-dependent kinase, CaMKII (Markoulaki
et al., 2004).
The general importance of Ca2+ as a second messenger
has focused attention on the hypothesis that the sperm-
borne activating factor (SOAF) responsible for inducing
activation does so via [Ca2+]i oscillations (Swann, 1990).
Following this rationale, several SOAF candidates have
been proposed. One, glucosamine 6-phosphate isomerase
oscillin, was purified from the cytosolic fraction of golden
hamster spermatozoa (Parrington et al., 1996), but sub-
sequent experiments failed to activate mII oocytes when
enzymatically functional recombinant glucosamine 6-phos-
phate isomerase was injected into them (Wolosker et al.,
1998; Wolny et al., 1999). Other cytosol-derived candi-
dates have included a truncated form of the c-kit ligand, tr-274 (2004) 370–383
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However, these have not been validated (Hyslop et al.,
2001; Mehlmann et al., 1998).
Several enzymes of the phospholipase family have also
been suggested to correspond to SOAF (Jones et al., 1998;
reviewed in Runft et al., 2002). This family is attractive,
because its members generate the second messenger,
inositol 1,4,5-trisphosphate (IP3), which might in turn
activate IP3 receptors to trigger calcium-induced calcium
release at fertilization. Most recently, a reverse genetic
approach identified a phospholipase C (PLC), designated
PLC-zeta (PLC~), whose corresponding cRNA induced
[Ca2+]i oscillations following injection into mII oocytes
(Saunders et al., 2002). Recombinant, baculovirus-derived
PLC~ also induced [Ca2+]i oscillations when its longer
isoform was injected into oocytes at 60 fg/pl (Kouchi et
al., 2004) and cRNA-encoded PLC~ associates with
pronuclei in zygotes (Larman et al., 2004; Yoda et al.,
2004).
Aside from its oscillogenic nature, little is known of the
biological properties of PLC~ that might account for any
role in oocyte activation. Only a single report addresses
PLC~ derived from sperm (Saunders et al., 2002) and this
uses cytosolic material derived from whole sperm by
cyclical freeze–thaw as a starting point for its character-
ization. This is problematic for reasons that have dogged
previous attempts to isolate SOAF.
First, the cytosol (defined as the extranuclear part of the
cell, including organelles, whose components are in
solution) is greatly depleted in acrosome-reacted sperm
(Yanagimachi, 1994) such that material derived from whole
sperm may not be extant at the time of gamete fusion (Fig.
1). The acrosome reaction is an absolute prerequisite for
sperm binding and fusion (Yanagimachi, 1994).Fig. 1. Simplified diagram showing the membrane topology of the sperm head d
pellucida glycoprotein, ZP3 (B), results in the discharge of many soluble and mem
little water due to the tight juxtaposition of membranes and the high packing ratio
fusion (D) is on the exterior of the oocyte (E).Second, it is unclear whether any of the cytosolic
components that remain after acrosomal exocytosis ever
become exposed to oocyte cytoplasm at fertilization; most is
topologically extracellular with respect to the fused gametes
(Fig. 1). During and following gamete fusion, sperm
membranes integrate with the oocyte plasma membrane at
fertilization and sperm surface markers can be shown to
integrate into the oocyte surface (Gaunt, 1983).
Third, cytosolic sperm components may be involved in
the induction of a distinct Ca2+-mobilizing event integral to
sperm at fertilization: the acrosome reaction (Arnoult et al.,
1996; Fukami et al., 2003). Indeed, a distinct PLC, PLCy4,
was recently shown to play an important role in the
acrosome reaction, although sperm from gene-targeted mice
lacking the enzyme still underwent ZP3-induced acrosomal
exocytosis at a rate of 20% of controls (Fukami et al., 2003),
indicating that a redundant mechanism exists. The intro-
duction of factor(s) involved in acrosome reaction into an
ectopic site—an mII oocyte—might be capable of inducing
Ca2+ transients although they play no physiological role in
oocyte activation.
Clearly, the demonstration of a sperm-derived factor that
stimulates oocyte activation is insufficient absent evidence
that it derives from a compartment that enters the oocyte at
fertilization.
Alternative SOAF candidates have thus been proposed
based on their residence in noncytosolic, submembrane
sperm head components that enter the oocyte at fertilization.
These include SOAF-I, MN13 antigen and PT32 (Mana-
ndhar and Toshimori, 2003; Perry et al., 1999; Sutovsky et
al., 2003). Each is a component of the perinuclear matrix
(PNM), a macromolecular assembly comprised of several
hundred protein species that enshrouds the nuclear mem-
brane (Bellve´ et al., 1993). We previously reported thaturing mammalian fertilization. Acrosomal exocytosis triggered by the zona
brane-associated components (C). Acrosome-reacted spermatozoa contain
of chromatin. Most of what little cytosol is extant at the time of membrane
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heads in reducing environments and is able to induce [Ca2+]i
oscillations and activation when injected into mII oocytes
(Perry et al., 1999, 2000).
It is now possible to identify proteins present within
complex mixtures in femtomolar amounts by tandem mass
spectrometry (Aebersold and Mann, 2003). This approach
has been applied to generate protein profiles for yeast
(Washburn et al., 2001) and Deinococcus radiodurans
(Lipton et al., 2002). Moreover, correlative nano-liquid
chromatography (nano-LC) tandem mass spectrometric
analysis permits the analysis of any multiprotein complex
that can be enriched by fractionation, even where its
components cannot be purified to homogeneity. Such
correlation proteomic profiling was recently employed to
assign over 500 protein species to a peak the centrosome
fraction, including 47 of the 60 proteins known to be
associated with the centrosome beforehand and 64 novel
candidate components (Andersen et al., 2003).
We reasoned that functional correlative profiling would
identify SOAF without prior assumptions about its molecu-
lar nature. FPLC-generated fractions of SOAF extract (SE)
were assayed for their ability to activate oocytes. Active and
inactive SE fractions from multistep purification strategies
were subjected to analysis by nano-LC tandem mass
spectrometry (MS/MS). By comparing protein profiles of
samples exhibiting activity with those that did not, a discrete
molecular species, PLC~ , was shown to correlate with
oocyte activation. Anti-PLC~ immunoreactivity co-eluted
with active fractions of SE. The PNM was the major site of
the larger of the two major forms of PLC~ (72 kDa) and was
localized to the first region to enter the oocyte at
fertilization. These data provide clear evidence that PLC~
activates oocytes at fertilization from a sperm compartment
that enters the egg.Materials and methods
Preparation and culture of oocytes and embryos
Metaphase II (mII) oocytes were collected from the
oviducts of 8–12-week-old B6D2F1 or ICR, superovulated
female mice 13.5–15.5 h after hCG injection and placed in
CZB medium (Chatot et al., 1989) buffered with 10 mM
HEPES (CZB-H). Dispersal of cumulus cells was in CZB-H
containing 1 mg/ml bovine type IV testis hyaluronidase
(unless stated otherwise, all chemicals were from Sigma, St.
Louis, MO). Oocyte maintenance and embryo culture was
either in CZB or kalium simplex optimized medium
(KSOM; Specialty Media, Phillisburg, NJ) under mineral
oil (Shire, Florence, KT) in a humidified atmosphere of 5%
(v/v) CO2 in air at 378C. Mice were supplied by SLC
(Shizuka-ken, Japan). For RNA isolation, cumulus-denuded
oocytes were treated briefly in acid Tyrode’s solution to
remove the zona pellucida (Nicolson et al., 1975).Preparation of mouse spermatozoa and sperm extracts
Motile mouse spermatozoa were obtained by chopping
caudae epididymides acutely isolated from 12–30-week-
old male B6D2F1 mice in Nuclear Isolation Medium
(NIM: 125 mM KCl, 2.6 mM NaCl, 7.8 mM Na2HPO4,
1.4 mM KH2PO4, 3.0 mM EDTA; pH6.9) as described
previously (Perry et al., 1999). Sperm were demembra-
nated according to the Core Protocol (Perry et al., 1999).
In brief, sperm were sonicated in detergent (typically 0.05–
1% [v/v] TX-100) and washed 3 in NIM. To obtain
mouse SOAF extract (SE), the final pellet was resus-
pended to give a density of 2–5  106 sperm/100 Al in
NIM containing 15 mM DTT and incubated at 27–308C
for 30 min. Solid material was removed by centrifugation
at 20,000  g (28C) for z40 min and the resulting
supernatant (SE) recovered. In some experiments, motile
sperm suspensions were supplemented with protease
inhibitor cocktail (PIC) before and during sonication in
TX-100, and throughout subsequent washes in NIM. PIC
contained AEBSF (5.2 mM final concentration), aprotinin
(4 AM), leupeptin (100 AM), bestatin (200 AM), pepstatin
A (75 AM) and E-64 (70 AM). Treatment with sodium N-
laurylsarcosine (SLS, 0.5% [w/v]) or 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate (CHAPS, 0.5%
[w/v]) was at room temperature (positive control) or 488C
for 5 min after which cells were pelleted and washed in
NIM before microinjection. All sperm injection experi-
ments included negative and positive controls in which,
respectively, 0% and 100% of surviving oocytes were
activated. Serial liquid nitrogen (LN2) freezing (5 min) and
thawing (5 min at 168C) was over four cycles in the
presence of PIC as previously described (Perry et al.,
1999).
Preparation of porcine SE and tail fragments
Motile pig sperm were obtained from ejaculates and
processed via a modification of the Core Protocol following
a low-speed preliminary wash through a 0.25 M sucrose–
PBS cushion and higher ones through PBS alone. Resulting
pellets were resuspended in NIM and stored at 858C until
required. The equivalent of ~0.33 ejaculate (~5.3  109
spermatozoa) was thawed and made 1% (w/v) with respect
to CHAPS in 5 ml. The sample was divided into 2  2.5 ml
and sonicated with a coarse probe in ice-water for 3  5 s
in a UD-201 sonic disruptor (Tomy Corp., Tokyo, Japan)
set at 50% output. Each 2.5-ml sonicate was diluted 6-fold
in ice-cold NIM and pelleted in 5-ml batches in a fixed
angle rotor at 16,000 rpm for 20 min through 34 ml of a
75% (w/v) sucrose–NIM cushion. Sperm heads were
preferentially pelleted and washed twice in NIM and finally
resuspended in NIM-15 mM DTT to give an average
density of 4.415  109 (F1.526  109) sperm/ml (with a
typical head/tail–fragment ratio z20:1). For tail prepara-
tion, tail-rich material was collected from the sucrose–NIM
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NIM cushion to remove contaminating heads before
washing twice in NIM.
Micromanipulation of gametes and embryo culture
Mouse mII oocytes were injected as described previously
(Perry et al., 1999) with a piezo-electrically actuated needle
(Prime Tech, Ibaraki, Japan). Where appropriate, SE and
fractions thereof were used to resuspend pellets of 488C-
heated Core Protocol mouse sperm (which are membrane-
depleted and unable to activate oocytes). Preparations were
added to an equal volume of 20% (w/v) polyvinylpyrroli-
done (PVP; average Mr 3.6  105) just before micro-
injection. The volume of material introduced per injection
was 1–5 pl. Recombinant GSK-3h was from Sigma (87.5
fg/pl, 2.6 AU/pl) or Calbiochem (25 fg/pl, 125 AU/pl).
Following micromanipulation, oocytes were transferred
to KSOM under mineral oil in a humidified atmosphere of
5% (v/v) CO2 in air at 378C. Embryos were assessed 5–8 h
later for survival and pronuclear activation (loss of the mII
plate, transformation of cytoplasmic constituency, rough-
ening of the plasma membrane, extrusion of a second polar
body and formation of clear pronuclei). For culture, zygotes
were washed 5 in KSOM and incubation continued.
Morulae/blastocysts at embryonic day (E) 3.5 (counting the
day of injection as E0.5) were scored and where possible,
transferred to the uteri of pseudopregnant ICR mice that had
been mated with vasectomized males of the same strain on
the evening of microinjection.
Strontium-induced activation was by transferring oocytes
to Ca2+-free CZB containing 6.7 mM SrCl2 under mineral
oil 5–15 min after injection and placing them in the CO2
incubator. After 45–60 min, surviving cells were washed
and incubation continued in KSOM.
FPLC
Single-step AKTA (Amersham Biosciences AB,
Uppsala, Sweden) FPLC of porcine SE (~1 ml) containing
1.0–1.5 mg of protein was at 48C using Mono P 5/50 GL
(chromatofocussing), Superdex 200 HR 10/30, Superdex
75 HR 10/30 (gel filtration), Mono S HR 5/5 (cation
exchange), Mono Q HR 5/5 (anion exchange), HiTrap
Blue (Cibacron Blue F3G-A) HP (dye affinity), Resource
Phe (phenyl hydrophobic interaction) (all Amersham) or
Econo-Pac CHT-II Cartridge (hydroxyapatite) (BioRad
Laboratories, Inc., CA). Flow rates were 0.5–0.6 ml/min
(gel filtration, chromatofocussing and hydroxyapatite) or
1 ml/min. One-milliliter fractions were collected and with
the exception of those prepared by gel filtration (which
was untreated), dialyzed for at least 3 h against NIM, and
concentrated to 100 to 250 Al before analysis by SDS
PAGE or microinjection.
For the four-step (4-s) purification protocol, SE contain-
ing 8.73 mg total protein was precipitated in 20% (w/v)(NH4)2SO4, and the resulting supernatant precipitated in
50% (w/v) (NH4)2SO4. The pellet was resuspended and
subjected to cation exchange chromatography. Proteins
eluting in the region shown by single-column chromatog-
raphy to elicit activation were collected and applied to a gel
filtration matrix, with resulting fractions predicted to exhibit
activity further refined by phenyl hydrophobic interaction
chromatography. The summary purification strategy was:
differential (NH4)2SO4 precipitation Y cation exchange Y
gel filtration Y hydrophobic interaction. For the five-step
(5-s) protocol, 33.4 mg SE protein was subjected to the
summary strategy: differential (NH4)2SO4 precipitation Y
cation exchange Y hydroxyapatite Y gel filtration Y
hydrophobic interaction. Both procedures were completed
within 48 h. Fractions emanating from the terminal step
were assayed by injection of mII oocytes with 488C-
inactivated heads but otherwise conserved for nano-LC
MS/MS.
S-carbamoylmethylation and tryptic digestion of proteins in
SE FPLC fractions
Protein samples obtained by FPLC were concentrated
under vacuum, denatured in 8 M urea, 10 mM Tris–HCl (pH
8.8), reduced with 2 mM DTT at room temperature for 1 h,
and alkylated with 5 mM iodoacetoamide for an additional 1
h. After 4-fold dilution of the sample with 10 mM Tris–HCl
(pH8.8), S-carbamoylmethylated proteins (approximately
1–3 Ag) were digested with 100 ng of sequence-grade
trypsin (Promega, Madison, WI) at 378C for 16 h.
Protein identification by nano-liquid chromatography
tandem mass spectrometry
Tryptic digests of the SE FPLC fractions were analyzed
on a Q-TOF2 mass spectrometer (Micromass, Manchester,
UK) equipped with a nano-flow liquid chromatography
system (NanoSolution, Tokyo, Japan) (Natsume et al.,
2002). The peptide mixture was separated on a reversed-
phase column (Mightysil-C18; Kanto Chemicals, Tokyo,
Japan) at a flow rate of 50 nl/min using a 70-min linear
gradient (0–70% acetonitrile in 0.1% formic acid). MS and
MS/MS spectra of individual peptides were acquired on the
Q-TOF2 in a data-dependent mode. MASCOT software
(Matrix Science, London, UK) was employed to interrogate
a nonredundant protein database, NCBInr mammals
(National Center for Biotechnology Information) with the
following parameters; fixed modification: carbamoylmethy-
lation (Cys); variable modifications: oxidation (Met), N-
acetylation (protein N-terminus), pyroglutamic acid (N-
terminal Gln); maximum missed cleavages, 3; peptide mass
tolerance, 500 ppm; MS/MS tolerance, 0.5 Da. Candidate
peptide sequences possessing probability-based Mowse
scores that exceeded their thresholds (P b0.05) yielding at
least three y- or b-ions in MS/MS spectra were used for
protein identification. Keratin- and trypsin-like proteins
S. Fujimoto et al. / Developmental Biology 274 (2004) 370–383374were removed from final lists of assignments as they are
likely to have been exogenously derived.
RT-PCR
Total RNA was extracted using Isogen (Nippon Gene,
Tokyo, Japan) and 1 Ag from testis, 300 ng from B6D2F1
mII oocytes or 425 ng from ICR mII oocytes served as
independent templates for oligo (dT)20-primed cDNA syn-
thesis (Invitrogen Corp., Carlsbad, CA). For PCR, 0.02–
0.05 (oocyte) or 0.002 (testis) cDNAwas heated to 948C
for 2 min and subjected to 35 cycles with the parameters:
948C, 30 s; 588C, 30 s (annealing); 728C, 30 s. The final
cycle was followed by an extension period of 4 min at 728C.
An annealing temperature of 528C was used for PLC~ .
P r ime r s ( 5VY3V) we r e : GSK-3a f o rwa rd ( f ) ,
ATTTGCTTGTGGACCCTGACAC; GSK-3a reverse (r),
T T G T T CCC TGGT TGGCGT TC; G SK - 3 h f ,
TTCCCTCAAATCAAGGCACATC; GSK-3h r ,
TGTCCACGGTCTCCAGCATTAG; PLC~ f, CATGT-
GAAACATATTTTTAAGGAAA; PLC~ and s-PLC~ r,
ATCCCCAAATGTCACTCGGTCC; s - PLC ~ f ,
GTGTGATCCCACCAGTCAT; MAPK 3 (NM_011952) f,
CCACCTTCTCTCACTTTGCTGG ; MAPK 3
(NM_011952) r, GGGGTTCCAACAAGATGAATAGG.
Database searching for alternative primer matches was used
to confirm PCR specificity. Where possible, primers were
intron-flanking. Reverse transcriptase-minus reactions
served as controls against contamination with genomic
DNA for each primer pair–RNA combination and failed to
yield detectable products. PCR reactions were performed on
at least two independent RNA preparations, from strains
B6D2F1 and ICR.
Determination of PLC~ 5Vsequences was following rapid
amplification of cDNA ends (RACE) primed by 3 Ag total
testis RNA using a GeneRacerk kit (Invitrogen) with the
PLC~ primer (5VY3V) ATCCCCAAATGTCACTCGGTCC.
PCR products were cloned and their sequences determined.
Antibodies, immunoblotting, and assessment of function
blocking
Whole sperm or sperm extracts were supplemented
with sample buffer and heated at 1008C for 5 min before
electrophoresis through 5–20% SDS-PAGE gels (Super-
Sep, Wako Pure Chemical Productions, Ltd.). Primary
antibodies MN7 and MN13 were the generous gift of
Dr. K. Toshimori. Anti-PLC~ antibodies were raised in
rabbits against the peptide CKYEPIEEVK (common to
both isoforms and distinct from previously described
immunogens; Saunders et al., 2002) and affinity purified
before use (Sigma Genosys Japan Corp., Japan). GSK-3h
quantitation was with anti-GSK-3h antipeptide antibodies
from Santa Cruz Biotechnology, Inc. (sc-9166). For
Western blotting, primary antibodies were used at a
dilution of 1/1000 (v/v) in PBS containing 1% (v/v)normal goat serum. Primary antibody binding was detected
by enhanced chemiluminescence (ECL Plus, Amersham
Bioscience). For tail fragment enrichment, tail fragments
isolated during sperm head purification were re-applied to
a second sucrose cushion (75% [w/v] in NIM) and washed
twice in NIM to remove contaminating heads, before
SDS-PAGE for Western blotting. For function blocking
analysis, anti-PLC~ antibodies were diluted 1/10 (v/v) in
SE that had been dialyzed against NIM (to remove DTT)
and the mixture incubated for 2–3 h on ice before
microinjection.
Quantitation of PLCf
Full-length cDNA encoding the long PLC~ variant
(Kouchi et al., 2004) was subcloned into pET19b to
generate an N-terminally His6-tagged fusion protein (Stra-
tagene, La Jolla, CA). Induction of recombinant PLC~ was
with 1 mM IPTG in E. coli BL21-CodonPlus (DE3)
(Stratagene). Following induction, bacteria were pelleted
and resuspended in 8 M urea, 50 mM Tris–HCl (pH 8.5),
and overexpressed His6-tagged PLC~ purified by cobalt
affinity chromatography (Nexus IMAC Resin; Valen Bio-
tech, Inc., Atlanta, GA). Bound protein was eluted by the
addition of 100 mM EDTA, 8M urea, 50 mM Tris–HCl (pH
8.5) and subjected to SDS-PAGE and CBB staining with
BSA standards to quantify the level of PLC~ . Standardized
recombinant His6-tagged PLC~ was then subjected to SDS-
PAGE with whole sperm and SE, immunoblotted, and
probed with anti-PLC~ antibody. Detection was using
Fujifilm LAS1000 and relative band intensities were
determined with Image Gauge software (Fuji Photo Film
Co., Ltd., Japan).
Immunofluorescence microscopy
B6D2F1 cauda epididymidal spermatozoa were fixed
with 4% (w/v) paraformaldehyde in phosphate buffer for 15
min at room temperature (RT) and subjected to indirect
immunostaining. Staining MN13 epitopes was as previously
described (Manandhar and Toshimori, 2001). Antibody
dilutions were 1/40 (MN13) and 1/250 (anti-mouse IgM-
Alexa488 conjugate; Molecular Probes, Inc., Eugene, OR).
To stain PLC~ , samples were washed with PBS and
permeabilized with 0.1% (v/v) TX-100 in PBS for 30
min. Samples were then incubated in 1% (v/v) normal goat
serum (Life Technologies, Inc., Rockville, MD) for 30 min
at RT, and labeled with anti-PLC~ antibodies (1/100 [v/v])
for 1 h at RT. Samples were washed 3 in PBS and labeled
with anti-rabbit IgG Alexa488 conjugate (1/250 [v/v]) for
1 h at RT. After washing 3 in PBS, samples were
counterstained with 5 Ag/ml Hoechst No. 33258 and
mounted in fluorescent mounting medium (Dako Corp.,
Carpinteria, CA). Fluorescence was visualized on a Zeiss
Axiovert 200 microscope equipped with a BioRad Radiance
2100 laser scanning confocal system. Images were acquired
Fig. 2. Immunocytochemistry of sperm heads demebranated by sonication
in TX-100 and probed with monoclonal antibody MN13 (A) or stained with
DAPI (B). Panels A and B correspond to the same sperm heads. Scale bar =
10 Am.
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8-bit TIFF files and processed using Adobe Photoshop CS.
All antibody dilutions were in PBS containing 1% (v/v)
normal goat serum.Results
SOAF extract (SE) derived from the perinuclear matrix
encodes the initiation of full oocyte activation
Mouse sperm heads sonicated in the presence of Triton
X-100 (TX-100) are depleted of membranes and acrosomal
contents (Perry et al., 1999). A post-acrosomal domain ofTable 1
Preimplantation and term development following oocyte microinjection with 48
subsequent activation by exposure to either Sr 2+, SE, or not all
Detergent Activating cueb Day 4 of embryo cu
None Sr 2+ SE No. Dead
CHAPS 0/71 – – – –
– 50/50 – 49 4
– – 63/67 60 5
SLS 0/88 – – – –
– 59/59 – 59 0
– – 68/73 62 3
a Not significantly different. Significantly different values (v2) are denoted by sh
morullae/blastocysts.
b Shows the number of surviving oocytes activated/the total number of survivingthe TX-100-extracted heads was labeled by PNM marker
monoclonal antibody MN13 (Toshimori et al., 1991),
showing that the PNM was extant (Fig. 2). These sperm
heads are able to induce oocyte activation efficiently (this
work; Perry et al., 1999), even when TX-100 extraction
was in the presence of a protease inhibitor cocktail (117/
117 [100%] surviving oocytes became activated). Mouse
sperm heads demembranated by sonication in the ionic
detergent sodium lauryl sulfate (SLS) were unable to elicit
oocyte activation following microinjection (0/16 oocytes
surviving injection were activated). The zwitterionic
detergent, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), exhibited an intermediate
effect (79% [15/19] surviving oocytes failing to activate)
although neither CHAPS- nor SLS-treated mouse sperm
heads that had been heated at 488C for 5-min induced
activation (Table 1).
SOAF extract (SE) can be solubilized from the supra-
molecular assembly of a demembranated sperm head by
incubation in reducing conditions akin to those of the oocyte
cytoplasm (Perry et al., 1999). We confirmed that SE
induced activation sufficient for full development (Perry et
al., 1999; Table 1). CHAPS-extracted heads supported term
development significantly more efficiently than heads
extracted with SLS when each was co-injected with mouse
SE into mII oocytes (Table 1). SE thus contains activity
sufficient to induce the full developmental program.
Development was improved significantly when activation
of a given batch of heads was by SE as compared to the
parthenogenetic activator, Sr2+. This reveals heterogeneity
in development instigated by different activation phenom-
ena, even when their early consequences are similar,
suggesting that the induction of [Ca2+]i oscillations per se
is not sufficient for optimal development.
Active SOAF enriched from porcine SE by multistep FPLC
We selected the pig (Sus scrofa) as an abundant source of
SE, because porcine SOAF efficiently activates mouse
oocytes (Perry et al., 1999). SE fractions were analyzed
physically by silver-stained SDS PAGE and functionally for8C heat-inactivated sperm heads challenged with different detergents and
lture Births following transfer
of m/b (%m/b)1–2C 4–8C m/b (%)
– – – –
3 0 42a (86) 4b (10)
3 3 49a (82) 15b,c (31)
– – – –
2 4 53a (90) 1 (2)
2 11 46a (74) 3c (7)
ared superscripts in the same column b( P b 0.02) and c( P b 0.005). m/b,
oocytes.
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microinjection. In this way, it was possible to dwalkT along
SE elution profiles produced by Superdex S75 gel filtration,
Mono S cation exchange, hydrophobic interaction, and
hydroxyapatite affinity chromatography (Fig. 3). For eachFig. 3. Silver stained SDS-PAGE and functional assays of SE FPLC fractions. R
chromatography (A), Resource phenyl hydrophobic interaction chromatography (
gel filtration chromatography (D). Fractions were analyzed physically by SDS-PA
activation) by microinjection into mII oocytes in the presence of 488C-heated sper
activated ( Y-axis), vertically aligned with the corresponding SDS-PAGE banding p
of oocytes dead. SDS-PAGE molecular weights are in kDa.of these column matrices, SOAF activity eluted in a single
region, suggesting that a single molecular entity was
responsible. Fractions corresponding to the center of each
induced cell death in up to 100% of cases within 1–2 h of
injection.epresentatives are shown of profiles produced by Mono S cation exchange
B), Econo-Pac hydroxyapatite chromatography (C), and Superdex S75 HR
GE (PAGE) or functionally (as judged by their ability to induce pronuclear
m heads (Act). Functional assays are displayed as the percentage of oocytes
attern obtained for the same sample. RIP (requiescat in pace) signifies 100%
S. Fujimoto et al. / Developmental Biology 274 (2004) 370–383 377Strongly active fractions obtained by S75 gel filtration
chromatography of two independent SE preparations
(SE1 and SE2) were subjected to nano-liquid chromatog-
raphy tandem mass spectrometry (nano-LC MS/MS).
After the removal of keratin- and trypsin-like assign-
ments (see Materials and methods), a total of 39 proteins
were confidently assigned from 113 discrete peptide
sequences. These included five pairs of likely species
orthologs giving 34 discrete proteins. Of these, 12
(35.3%) were common to SE1 and SE2, including
phospholipase C (PLC) ~ , which was not detected in
inactive fractions (data not shown). The majority of
assigned proteins were likely to have been of cytoplasmic
origin, consistent with the cytoplasmic provenance of the
PNM (Sutovsky et al., 2003). No integral membrane
proteins were identified. Moreover, we failed to identify
major structural proteins of the PNM; this was expected, as
electron microscopic analysis previously revealed that Core
Protocol mouse sperm heads did not undergo discernible
structural changes during the liberation of SE in reducingTable 2
Proteins in active and inactive multistep FPLC fractions of SOAF extract identifi
Mr Protein designation
133626.31 Thrombospondin 1 [Mus musculus]
93823.12 Outer dense fiber of sperm tails 2 isoform 1
91142.51 Chain A, crystal structure of murine P97VCP aT 3.6A
87173.66 Hypothetical protein FLJ32844 [Homo sapiens]
74339.89 Phospholipase C-zeta [Sus scrofa]
71423.5 Heat shock 70-kDa protein 8
71050.31 Heat shock 70-kDa-like protein 1
70792.44 Heat shock protein 70 testis variant [Homo sapiens]
70340.22 Heat shock protein 70.2 [Sus scrofa]
70312.13 Heat shock protein 70 [Canis familiaris]
61187.44 Heat shock 60-kDa protein 1 (chaperonin)
54886.22 Dihydrolipoamide dehydrogenase [Homo sapiens]
51421.16 Glycogen synthase kinase 3 alpha [Homo sapiens]
57794.26 Chaperonin containing TCP1, subunit 2 (beta)
50947.88 Fbxl3a protein [Mus musculus]
50941.29 Coproporphyrinogen oxidase [Homo sapiens]
49287.77 Dihydrolipoamide succinyltransferase
48681.28 Hypothetical protein FLJ32743 [Homo sapiens]
48516.71 Glycogen synthase kinase-3 beta [Homo sapiens]
46097.64 Extracellular signal-regulated kinase 1b (MAPK 3) [Rattus norve
46042.62 Acrosin precursor (53-kDa fucose-binding protein)
44731.05 RIKEN cDNA 4921508E09 [Mus musculus]
42630.46 Glutamine synthetase (glutamate-ammonia ligase)
41961.47 Serine/threonine kinase 22A [Mus musculus]
41452.4 Stk22b protein [Mus musculus]
40453.58 Zona-pellucida-binding protein (sp38) precursor [Sus scrofa]
38238.36 Megakaryocyte growth and development factor precursor
37984.72 Immunogobulin gamma 1 heavy chain constant region
37259.49 Hypothetical protein FLJ20519 [Homo sapiens]
22845.22 Phospholipid hydroperoxide glutathione peroxidase (GPX-4)
22739.2 Glutathione peroxidase 4 [Bos taurus]
204684.18 Similar to RIKEN cDNA 1700019F09 [Rattus norvegicus]
The protein profile of reference fraction C5a (an active fraction from the 4-s protoco
all injected oocytes were C5a, C6a (4-s), and C4a (5-s). The number of peptides
which indicate their fractions of origin.conditions (Perry et al., 1999). In addition, at least two
proteins derived from the PNM were identified in SE1
and/or SE2: Arp-T1 and Arp-T2 (Heid et al., 2002).
Analysis of proteins identified by tandem mass
spectrometric analysis reveals that phospholipase Cf
correlates with SOAF activity
Columns yielding active SOAF were applied in series to
the fractionation of SE in four- or five-step protocols (4-s
and 5-s, respectively). SOAF activity in terminal fractions
was assayed by microinjection, and representative active
and inactive fractions subjected to analysis by nano-LC
MS/MS.
Table 2 lists assigned proteins derived from a fraction
prototype (C5a) that corresponded to the peak of SOAF
activity produced by 4-s. The composition of C5a is
compared to that of an adjacent, active fraction (C6a) and
two nonadjacent fractions (C2 and C9) with little or no
activity eluting before (C2) or after the activity peak. Thirty-ed by nano LC tandem mass spectrometry
Accession no. 4-s 5-s
C5a C6a C2 C9 B2 C4a
gi|27502731 1 1 1 1 1 1
gi|24430181 10 21 0 0 0 0
gi|40889614 1 0 0 0 0 0
gi|27734911 1 0 0 0 0 0
gi|32400661 2 3 0 0 0 10
gi|27805925 1 1 1 1 1 1
gi|1346319 2 14 15 12 14 21
gi|3461866 18 1 2 1 1 2
gi|39777368 1 0 0 1 1 1
gi|32813265 1 0 0 0 0 1
gi|31542947 1 0 0 1 0 0
gi|1339989 1 0 0 0 0 0
gi|11995474 1 0 0 0 0 1
gi|5453603 1 0 0 0 0 0
gi|28279493 1 1 1 0 0 0
gi|20127406 3 1 1 1 0 0
gi|18203301 3 0 0 1 0 0
gi|21450741 1 0 0 0 0 1
gi|21361340 5 2 0 1 0 8
gicus] gi|8050445 1 1 0 0 0 1
gi|113210 6 5 0 4 0 11
gi|13385180 1 1 1 1 1 1
gi|1169932 7 2 10 0 0 0
gi|20891939 1 0 1 0 1 3
gi|38174655 3 0 0 0 0 0
gi|497832 9 9 5 4 7 11
gi|939627 1 0 0 0 0 0
gi|15020816 1 0 0 0 0 0
gi|20149646 1 1 1 0 1 1
gi|13124722 15 10 15 7 10 8
gi|27807491 2 0 0 0 0 0
gi|34871601 2 0 0 0 0 0
l) is compared with that of five other fractions. Fractions eliciting activity in
detected for each assigned protein is shown in the six rightmost columns,
Fig. 4. Presence of B6D2F1 oocyte and testis transcripts encoding proteins
partially co-purifying with SOAF assessed by RT-PCR (A) or 5V-RACE for
PLC~ testicular transcripts (B). Abbreviations are as per the text. Sizes are
in base pairs.
Table 3
Pronuclear activation by SE incubated in the presence or absence of
glycogen synthase kinase-3h inhibitors prior to injection
fg total protein in injected SEa
80 40 20
SE 20/20 26/29 13/24
SE + 50 mMb LiCl 13/13 13/42 7/25
SE + 5 AMb TDZD 3/3 5/7 4/9
SE + 20 AMb TDZD 5/6 4/10 2/7
SE + 50 AMb TDZD 2/2 6/8 nd
The number of activated/surviving oocytes is shown for each treatment.
Injections were in the presence of 488C-heated heads.
a Average assuming 1 pl injected; average [protein] in starting extract =
1.301 F 0.121 pg/pl.
b Inhibitor concentrations are prior to mixing (1:1) with PVP for injection.
Values within each column were not significantly different ( P N 0.5, v2).
TDZD, 4-Benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione.
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other 4-s fractions evaluated, 12 (37.5%) of these were
unique to C5a; of the remainder, 16 (50.0%) were shared
with the adjacent active fraction, C6a (Table 2). Only three
of these—PLC~ , extracellular-regulated kinase 1b (referred
to here as MAPK 3), and outer dense fiber protein—were
not detected in fractions C2 and C9 and therefore correlated
with the ability of fractions to induce activation in all cases.
Two protein species were detected in fractions C5a, C6a,
and C9 (but not C2): glycogen synthase kinase-3h (GSK-
3h) and acrosin precursor. Acrosin precursor is eliminated
as a SOAF candidate because SE from mice homozygously
gene-targeted at the acrosin locus (and which thus lacked
acrosin) induced activation in 100% of cases (Perry et al.,
2000). Previously identified activation candidates were
apparently absent from any of the active fractions analyzed
here, including PT32, which derives from the PNM
(Sutovsky et al., 2003).
To evaluate further the SOAF candidacies of MAPK 3,
outer dense fiber protein and GSK-3h and corroborate the
correlation of PLC~ with activity, we applied a yet more
stringent, five-step protocol (5-s) to fractionate SE and
analyzed one active and one inactive fraction (B2 and C4a,
respectively) by MS/MS (Table 2). Approximately half of
the proteins (15 = 46.9%) previously assigned in active 4-s
fraction, C5a, were not detected in the 5-s samples analyzed,
including the outer dense fiber protein (Table 2). Of the
remaining 17 species, 10 were detected in both B2 and C4a,
with those present in active fraction C4a, but not B2
corresponding to PLC~ , GSK-3a, Canis familiaris heat
shock protein 70 (gi|32813265), hypothetical protein
FLJ32743, MAPK 3, acrosin precursor, and GSK-3h.
Although it is difficult to establish the absolute quantity of
a given protein by MS/MS, its relative amount in consec-
utive analyses is related to the number of assigned peptides
that correspond to the protein. With this caveat, the apparent
relative abundances of GSK-3a, MAPK 3, and FLJ32743
were low. Moreover, although they were detected in C5a
(4-s), GSK-3a and FLJ32743 were not detected in other
active fractions, including active fraction C6a, and are thus
weak SOAF candidates.In contrast, PLC~ was detected in all active fractions
derived from SE1, SE2, and 4-s and 5-s protocols and
therefore correlates absolutely with SOAF activity. The
increasing number of assigned peptides that correspond to
PLC~ in active fractions indicated that it was enriched by
successive SOAF purification steps (Table 2). GSK-3h was
also apparently abundant in fraction C4a and correlated
well, but not absolutely, with SOAF activity.
Collectively, these data suggest that PLC~ corresponds at
least in part to SOAF. We therefore subjected PLC~ and
partially co-purifying species GSK-3a, GSK-3h, and
MAPK 3 to further analyses.
Preliminary evaluation of SOAF candidates
Indirect transcript detection via RT-PCR revealed MAPK
3, GSK-3a, and GSK-3h mRNA in mII oocytes and testis
(Fig. 4A), consistent with the presence of encoded proteins
in both male and female gametes before fertilization and
arguing against their role in activation. This is expected for
MAPK, which is active in mouse mII oocytes; any effect of
the introduction by sperm of active MAPK 3 would likely
be antagonistic to the resumption of meiosis, tending to
stabilize metaphase-promoting factor via p90rsk (Shibuya
and Ruderman, 1993).
In contrast, although GSK-3h is inactive in mII oocytes,
a post-translationally modified, functional form might be
introduced by spermatozoa to activate oocytes via the
abrogation of Aurora kinase-mediated p39mos and cyclin
translation (Sarkissian et al., 2004). Because GSK-3h
correlated well with activation, its potential role was
therefore investigated by challenging SE independently
with the GSK-3h inhibitors lithium chloride (LiCl) and
TDZD (Table 3) before microinjection. Both exhibited an
apparently modest inhibitory effect (Table 3) although not
statistically significant (P N 0.5, v2). Furthermore, any
marginal difference may reflect lack of specificity in the
case of LiCl; at 50 mM, LiCl affects activities other than
that of GSK-3h (Ryves et al., 2002). To address this, we
Fig. 5. Western blots of sperm and sperm extracts probed with anti-PLC~ . Samples (A) were whole sperm from pig (pW) and mouse (mW) and SE from pig
(pSE) and mouse (mSE). Amounts loaded were 10 and 20 Ag for mouse and pig samples, respectively. Anti-PLC~ immunoblotting of FPLC mono S cation
exchange (Ba) or S75 gel filtration (Bb) fractions showing their ability to induce oocyte activation (+). Only fractions corresponding in the vicinity of activity
peaks are shown; others failed to activate. Sizes are in kDa.
Table 4
Pronuclear activation by SE incubated in the presence or absence of anti-
PLC~ antibodies before injection
fg total protein in injected SEa
750 (0.5) 375 (0.25) 188 (0.125)
SE 9/9 8/10 6/12
SE + anti-PLC~ 14/23 4/14 5/21
The number of activated/surviving oocytes is shown for each treatment. SE
is dialyzed against NIM.
a Average assuming 1 pl injected; average [protein] in starting extract =
1.301 F 0.121 pg/pl. Values within each column were not significantly
different ( P N 0.5, v2). Dilution factors for SE are shown in parentheses.
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induce oocyte activation. By comparing Western blots of SE
with those of commercial recombinant GSK-3h, we
estimated that SE contained 0.3 fg/pl of GSK-3h (data not
shown). However, two different preparations of recombinant
GSK-3h failed to induce activation when injected at 25 fg/pl
(0/15 surviving oocytes activated) or 87.5 fg/pl (0/59
surviving oocytes activated); GSK-3h specific activities
were, respectively, 125 and 2.6 AU/pl. These data indicate
that GSK-3h is neither necessary nor sufficient to induce
oocyte activation, although a subtle role cannot be excluded.
We therefore further evaluated PLC~ . Database searching
suggested that two PLC~ mRNA splice variants (encoding
PLC~ and s-PLC~) are present in the mouse; the shorter
mRNA encodes the longer of the two predicted proteins,
PLC~ . PLC~ possesses a predicted 110 amino acid N-
terminal EF hand domain that is absent from the shorter
putative version, s-PLC~ . Variant-specific RT-PCR indi-
cated that both s-PLC~ and PLC~ mRNAs were present in
the testis but absent from mII oocytes (Fig. 4A), sperma-
tozoa or cumulus cells in ICR and B6D2F1 mice (data not
shown). 5V-RACE programmed by testis-derived cDNA
revealed a single PLC~ band (Fig. 4B), arguing against an
extensive repertoire of PLC~ isoform mRNAs. Sequence
analysis revealed that both s-PLC~ and PLC~ were
represented in the band, and added an additional 44
nucleot ides to the 5VPLC~ sequence of PLC~
(NM_054066) (data not shown). Both PLC~ and s-PLC~
harbor multiple in-frame stop codons upstream of their
putative translational start sites (Kouchi et al., 2004).
Immunological confirmation that PLCf corresponds to
SOAF
Polyclonal antibodies were raised against a peptide
specific to PLC~ and common to both predicted forms
(PLC~ and s-PLC~) in the mouse. The sequence is identical
in putative porcine PLC~ . Western blotting revealed two
major anti-PLC~ immunoreactive species in sperm, consis-tently of 53 and 72 kDa (Fig. 5A). The larger of these
corresponds well with the size predicted for the longer PLC~
isoform (75 kDa). The shorter form is unlikely to represent a
proteolytic product of 72-kDa PLC~ , because, inter alia, it is
absent where proteolysis is apparent. Fractions of porcine
SE possessing oocyte-activating capacity co-eluted with the
72-kDa immunoreactive band following S75 gel filtration
and Mono S cation exchange chromatography (Fig. 5B).
Because the peptide against which anti-PLC~ antibodies
were raised corresponded to a putative EF domain (Kouchi
et al., 2004), we assessed whether they blocked SOAF
function. Ability to initiate oocyte activation was modestly
reduced in SE preincubated with anti-PLC~ antibodies
before injection (Table 4). Although this interference func-
tionally supports the link between SOAF and PLC~ , the
cognate PLC~ epitope is shared by putative s-PLC~ , even
though this shorter form apparently lacks substantial activity
(Kouchi et al., 2004). This is consistent with the lack of a
more pronounced function-blocking effect of anti-PLC~
antibodies.
Immunolocalization of PLCf within spermatozoa to an
oocyte-penetrating domain
Electron microscopy of sperm subjected to serial LN2
freeze–thawing (Swann, 1990) showed that their acrosomal
Fig. 6. Analysis of mouse sperm heads subjected to serial LN2 freeze–
thawing. Electron microscopy (100,000) shows a head before (a) or after
(b) freeze–thawing (A). Arrow heads indicate electron density due to
acrosomal contents before membrane disruption (a) but its absence after the
contents have dispersed (b). Western blotting (B) of SE and LN2 freeze–thaw
samples (10 Ag/lane) probed with anti-PLC~ antibodies. pel, pellet; s/n,
supernatant; abbreviations are otherwise as for Fig. 5. Sizes are in kDa.
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devoid of acrosomal contents (Fig. 6A). An initial compar-
ison of the relative immunoreactivities of PLC~ in super-
natant generated by this serial freeze–thawing with that of
SE derived from detergent-extracted sperm heads suggested
that SE was the major source of PLC~ (Fig. 6B).
We verified this result by subjecting acutely isolated
sperm first to cyclical LN2 freeze–thawing and then SE
preparation by extraction in TX-100 followed by exposure
to a reducing environment (Fig. 7). The abundant acrosomal
marker, acrin1 (MN7; Saxena et al., 1999; Yoshinaga et al.,
2000), was profuse within supernatant generated by LN2
freeze–thawing, but undetectable in SE (Fig. 7A). The PNM
marker, MN13 (Toshimori et al., 1991), was partially
removed by LN2 freeze–thawing (Fig. 7B), although some
remained to become liberated in SE. Thus, LN2 freeze–thawFig. 7. Immunoblotting of mouse sperm heads subjected to serial LN2
freeze–thawing and then SE preparation. The equivalent of 4  106 mouse
sperm was loaded per lane. Blots were probed with monoclonal antibodies
MN7 (A) or MN13 (B), or polyclonal anti-PLC~ antibody (C). Abbrevia-
tions are as for Fig. 6. Sizes are in kDa.supernatant contained soluble acrosomal protein and some
PNM-derived material, whereas post-LN2 SE contained
PNM-derived material but little or no soluble acrosomal
protein. Whereas cyclical LN2 freeze–thawing efficiently
removed soluble sperm components, the PNM was more
refractory to this liberation. Because SE predominated over
LN2 freeze–thaw supernatant as a source of 72-kDa PLC~
(Fig. 7C), these data indicate that a detergent-resistant
sperm head compartment is the major source of 72-kDa
PLC~ .
To quantify PLC~ present in mouse sperm, we stand-
ardized anti-PLC~ reactivity using partially purified
recombinant PLC~ (data not shown). PLC~ was present at
40–50 fg/sperm. Porcine SE typically contained 10 fg/pl 72-
kDa PLC~ . Table 4 shows that SOAF activity is readily
detectable when PLC~ is present at 1.25 fg/pl.
We next localized PLC~ in whole sperm by immuno-
fluorescence microscopy (Fig. 8). Anti-PLC~ antibodies
decorated sperm heads, labeling a post-acrosomal band that
maps to the first part of the sperm head to enter the oocyte
after gamete fusion (Yanagimachi, 1994). This places PLC~
at a position consistent with an immediate role in the
induction of oocyte activation (Sutovsky et al., 2003).
Anti-PLC~ antibodies also labeled the sperm tail, albeit
more weakly than the head (Fig. 8). This was not expected,
as sperm tails lack substantial ability to activate oocytes
(data not shown; Kimura et al., 1998). The immunoreactiv-
ity persisted after detergent extraction (data not shown) and
therefore has the potential to enter the oocyte at fertilization.Fig. 8. Immunocytochemistry of whole mouse spermatozoa stained with
anti-PLC~ antibody (A) or DAPI (B). Panels A and B correspond to the same
sperm heads. Arrowheads indicate post-acrosomal labeling. Scale bar = 10
Am.
Fig. 9. PLC~ immunoblotting of mouse SE (mSE) and porcine tail
fragments (ptail). Loadings are approximately equivalent to 4  106 sperm
(mSE) and 8  105 tails (ptail). Sizes are in kDa.
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extracted pig sperm tail fragments on serial sucrose cushions
and showed that they exhibited undetectable contamination
from sperm heads (data not shown). Western blot analysis of
the fragment preparation (Fig. 9) revealed that tails
contained a readily detectable level of the 53-kDa immu-
noreactive species. The 72-kDa PLC~ isoform was not
detected. This segregation argues against a major role for
the 53-kDa immunoreactive species in triggering oocyte
activation.Discussion
SOAF must be resident at a sperm submembrane address to
initiate activation: the source and functional integrity of SE
Previous work to characterize SOAF often starts with
soluble material that does not enter the oocyte at fertilization
but that may contain components capable of ectopically
inducing oocyte activation. Recently, PLC~ was identified
by a reverse genetic approach and then shown to be present
in this soluble compartment (Saunders et al., 2002).
We set out to identify the oocyte-activating factor present
in a sperm domain known to enter the oocyte and which
made no prior assumptions about its chemical nature. In
earlier work, we removed sperm membranes and demon-
strated that one or more proteinaceous components of the
underlying PNM induce oocyte activation (Perry et al.,
1999, 2000) as corroborated elsewhere (Manandhar and
Toshimori, 2003; Knott et al., 2003; Sutovsky et al., 2003).
In biological terms, this is important because the PNM
enters the oocyte at fertilization (Sutovsky et al., 2003).
SOAF extract (SE) was derived from the PNM by exposing
demembranated heads to a reducing environment. There-
fore, this work concerns oocyte activation from a spermcompartment that enters the egg and which is generated in
reducing conditions akin to those of the mII oocyte
cytoplasm (Calvin et al., 1986; Perry et al., 1999).
Heat-inactivated, CHAPS-extracted sperm heads sup-
ported development in vivo more efficiently when activation
was by SE compared to Sr2+, although preimplantation
development was similar. This supports the argument that
the PNM (and therefore, SE) contains one or more functions
that improve developmental outcome by mechanisms that
do not become manifest until long after activation. Poor
development supported by SLS-extracted heads also sug-
gests a role for heat-stable components in ensuring optimal
development. These findings are consistent with additional
levels of information required for full development in
addition to that encoded by the induction of [Ca2+]i
oscillations per se. It is therefore important to show, as
these experiments do, that the activating function identified
in SE is able to induce oocyte activation sufficient for full
development.
The kinetics of ooplasmic dispersal of PNM compo-
nents—including activating function—at fertilization (Knott
et al., 2003; Sutovsky et al., 2003) are consistent with the
liberation of a significant proportion of SOAF in SE in vitro
after 30 min. Electron microscopy shows that this liberation
in vitro is not accompanied by marked sperm head structural
changes (Perry et al., 1999), suggesting that major structural
proteins of the PNM should be undetected in SE; this was
the case (data not shown).
Fewer than 20 of the ~230 PNM proteins have been
assigned molecular identities (Bellve´ et al., 1993; Sutovsky
et al., 2003). We identified two of these, Arp-T1 and Arp-T2
(Heid et al., 2002), in SE. Moreover, monoclonal antibody
MN13, whose cognate antigen is localized to the post-
acrosomal perinuclear matrix was also present in SE (Fig.
7B). Our data suggest that a significant proportion of 72-
kDa PLC~ is restricted to the PNM. The liberation of some
but not all 72-kDa PLC~ by freeze–thawing is consistent
with the coexistence of loosely matrix-associated and
integral (detergent resistant) PNM subpopulations of 72-
kDa PLC~ (discussed below).
Correlation de novo of PLCf with SOAF activity
The identification of PLC~ presented here was produced
by correlating assignments following nano-LC tandem mass
spectrometry of a PNM-derived extract (SE) in a functional
microinjection assay that made no presuppositions about the
identity of SOAF. This is perhaps the first application of
tandem mass spectrometry to the analysis of spermatozoa.
PLC~ was previously identified by database searching
and its cRNA shown to induce [Ca2+i ] oscillations when
injected into mII oocytes (Saunders et al., 2002). In the
single paper on PLC~ from sperm, an antibody raised
against a peptide within the predicted protein was able to
deplete the Ca2+i -mobilizing activity from a soluble extract;
that is, one that may have been introducing sperm-derived
S. Fujimoto et al. / Developmental Biology 274 (2004) 370–383382material ectopically (Saunders et al., 2002). Moreover, this
neutralizing effect could be accounted for by co-immuno-
precipitation of an activity physically associated with, but
distinct from, PLC~ . Our data suggest that this is unlikely,
because selective anti-PLC~ antibodies exerted a modest
neutralizing effect on the ability of SE to induce oocyte
activation (Table 4).
The amino acid sequence of PLC~ is highly conserved,
consistent with SOAF activity in SE from diverse mamma-
lian species functioning to activate mouse oocytes (Perry et
al., 1999). PLC~ lacks src homology (SH) domains,
accounting for the refractivity of activation to competitive
inhibition by SH peptides (Mehlmann et al., 2001).
Immunofluorescence localized a subpopulation of PLC~
to a post-acrosomal region of sperm heads (Fig. 8). This
pattern of staining was superimposable on that of the post-
acrosomal PNM antigen recognized by monoclonal anti-
body, MN13 (cf Figs. 2 and 8) although the two antigens
appear to be distinct (Fig. 7). Western blotting revealed that
the 72-kDa variant predominated in SE (Figs. 6 and 7) and
likely thus for the post-acrosomal labeling. PLC~ is thus
optimally situated to interact with oocyte cytoplasm
immediately following gamete membrane fusion.
The level of PLCf activity in sperm, sperm extracts and that
is sufficient to induce activation
By calibrating anti-PLC~ antibodies using recombinant
PLC~ , we estimated that 40–50 fg of 72-kDa PLC~ was
present per mouse sperm. Evaluation of cRNA-directed
PLC~ expression is difficult because (i) presumptive active
levels are well below the detection threshold in mouse
oocytes, (ii) expression is continuous (possibly affecting its
activity), (iii) PLC~ localization is likely to be different
(also possibly affecting its activity), and (iv) the post-
translational modification of PLC~ may be different (also
possibly affecting its activity). The minimum baculovirus-
expressed recombinant PLC~ required to induce [Ca2+i ]
oscillations was 150–300 fg (Kouchi et al., 2004). Our
data indicate that 1.25 fg PLC~ induced activation in 50%
of oocytes (Table 4). This is the first direct estimation of
the amount of sperm-derived 72 kDa PLC~ sufficient to
induce activation and suggests that it can be accomplished
by a fraction of one sperm equivalent (~0.03). This value
may represent an overestimate, as (i) SE is unlikely to
account for the all of the PLC~ in a spermatozoon, and (ii)
dialysis of SE (Table 4) results in some loss of activity
(data not shown). We previously estimated that 0.01–0.05
sperm equivalents were sufficient to induce activation
(Perry et al., 1999). The range of our present estimate is
120–240 lower than the minimum recombinant PLC~
required to induce [Ca2+i ] oscillations (Kouchi et al., 2004),
suggesting an anomalously low specific activity for
baculovirus-expressed PLC~ .
It is likely that only a small fraction of the total
available PLC~ in sperm is required to induce activationgiven that the process is rapid and that the majority is
matrix-associated. This is congruous with the existence of
two subpopulations of PNM 72-kDa PLC~ . A loosely
associated 72-kDa PLC~ that is readily removed from the
PNM could immediately engage the oocyte cytoplasm after
membrane fusion to facilitate the rapid induction of
activation (Lawrence et al., 1997). Indeed, in addition to
the predominant post-acrosomal site of labeling, antibodies
apparently revealed a second, minor population of periph-
eral PLC~ that might fulfill this role (Fig. 8A).
Subsequently, a second integral PNM subpopulation would
remain until it was exposed to the reducing environment of
the ooplasm, ensuring that the wave of sperm-mediated
activating stimulus was sustained beyond gamete fusion. It
is possible that each subpopulation plays a distinct role,
the first to induce activation and the second to modulate
some aspect of pronuclear function (Yoda et al., 2004;
Larman et al., 2004). This second function would require
population of PLC~ that persisted for several hours or
more (Adenot et al., 1997).Acknowledgments
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